Summary
The dynamic behaviour of faults during slip is complex and controlled by rate-dependent friction coefficient (2) that also depends on temperature (3) and fluid conditions (4) . Slip initiation, in contrast, is usually assumed to be governed by Coulomb's law of friction as regulated by the static-friction coefficient  (5) and the fluid pressure Pf on the slip plane, through the Terzhaghi effective stress law for shear failure (6, 7) . Accordingly, slip initiates when the ratio of the fault shear  to normal  tractions (SNR, 8) overcomes fault friction :
Often, cohesion C of the fault plane is assumed to be small and has been ignored;  is often taken to fall between 0.6 and 1.0, although it may be lower in clay-rich fault gouges. If the tectonic stress states that generate the resolved tractions  and  remains unchanged, then slip along the fault may be triggered by increasing Pf, a concept that was first tested by injection of water to a producing oil reservoir at Rangeley, Colorado (7) . This necessitates an adequate fluid pathway to the fault from the HF operation.
Alternatively, slip could also be initiated by locally raising  or lowering  which might be accomplished by additional loading during creation and propping of the stimulated fractures. However, which of these is primarily responsible for inducing earthquakes remains a topic of debate.
Over the Western Canada Sedimentary Basin, only a small fraction of HF stimulations have been linked to induced earthquakes with MW ≥ 3 (9) . These HF induced earthquakes are geographically clustered, with no induced events detected from the nearby operations targeting the same geological units (10) .
Clustering of the seismicity has been statistically related to high natural formation pore pressure PP (11), local geological structure (12) , or volumes of injected fluids (10) . Statistical correlations, however, cannot explain the proximate lack of seismicity nor resolve the physical mechanisms. The lack of knowledge of these processes limits the mitigation responses of recurrences to 'traffic light protocols' during HF operations (13) .
Slip tendency of faults reveal by earthquake's focal mechanism solutions
Here, we carry out stability analyses using high-quality Focal Mechanism (FM) solutions for 11 induced earthquakes ( Fig. 1 , Supplementary Table S1) linked to HF operations in the Duvernay Formation near Fox Creek, Alberta (14) . These analyses rely on a recently developed quantitative model for the full Andersonian tectonic principal stress magnitudes for the greatest SH, least Sh horizontal and the vertical SV compressions, as well the SH azimuth  (15, 16) . Pp, Sh, SV, and  ( Supplementary Fig. S1 ) are directly obtained from numerous borehole measurements within the Duvernay Formation and then used to calculate a range of absolute SH (17) from the distribution of stress 'shape factors' determined from FM inversions (18) (see supplementary material). The inversion algorithm further provides the three orthogonal principal stress directions that are consistent with both the observed strike-slip mechanisms and with the Andersonian hypothesis that one principal stress is vertical (Fig. 1b) . When resolved onto the FM inferred fault planes (Supplementary Table S1 ), these stresses allow us to calculate SNR distributions in order to carry out sensitivity tests on the factors affecting slip initiation with Eqn. 1. S2 ) and careful determination of the epicentral locations and depths (20) . There, FM indicates strike-slip motion on subvertical N-S fault planes. A red traffic light protocol was triggered for one of these events during HF operations (13) and the ground motion was locally felt. Various lines of evidence (21) suggest that the depth of the MW 4.1 event (and associated cluster) lies at ~3.5 km, coincident with HF of the Duvernay Formation. (20) . The lateral resolution of the stress model is ~2 km and the values for stress and PP (Supplementary Table S2 ) are nearly the same for both events under the assumption they occur within or close to the Duvernay Formation. In the vicinity of the epicenters and at the center of the formation (~3.4 km depth), the model stresses are Sh = 65 ± 3 MPa; SV = 84 ± 3 MPa, and PP = 62 ± 3
MPa. It is worth noting that PP substantially exceeds that expected for a normal hydrostatic pressure of within ~100-180 MPa to 95% confidence. Finally, the model indicates the maximum stress orientation of  = 41°. This Andersonian stress tensor can then be resolved onto all possible planes to determine and for SNR (Eqn. 1) illustrated using steronet plots (8) (Fig. 2a-c ) and compared ( Fig. 2d-f ) against the less optimallyoriented MW 3.9 (Jun 13, 2015) event (22) . One question that arises is whether the stress data model PP, which is measured within the intact, low-permeability rock mass through long-duration in situ well tests (23) , is the same as the Pf actually acting on the fault plane. For example, these faults could act as conduits to overlying and more normally pressured sediments, or they could be subject to fault valving (24) . Given this uncertainty, SNR stability ranges are calculated for various Pf conditions (neglecting C)
for: i) a drained fault Pf = 0 (Fig. 2a) , ii) normal hydrostatic conditions Pf = PH = 33 MPa (Fig. 2b) , and iii) Pf = Pp = 62 MPa within the Duvernay Formation (Fig. 2c) . The poles to the FM inferred fault planes for the two events are shown as red circles, and for the sake of comparison, the poles for three vertical planes that hypothetically could be associated with basement lineaments observed in seismic attribute maps ( Supplementary Fig. S2 ) are included.
According to Eqn. 1, the fault is unstable if SNR > Consequently if Pf = 0 (Fig. 2a ) the SNR reaches a maximum of ~0.3 indicating that the faults could slip only if friction is low; and suggests that the faults would likely be stable. This situation persists if Pf (Fig. 2b) is at the more normal hydrostatic gradient with low values of SNR ~0.5 expected on the faults. However, the situation changes with larger Pf ≈ PP (Fig. 2c) where SNR ≥ 1 on both fault planes. This could suggest larger friction values or episodic fault valving since these faults have remained clamped (i.e., did not detectably slip) within the historical record. As might be expected, the two earthquakes (MW 3.6 & 4.1) occur on planes whose poles are close to the maximum SNR in Fig. 2 , regardless of Pf, this seeming agreement warrants further examination.
On the one hand, the orientations of the earthquake slip planes are independently given by the focal mechanisms as constructed from the events' radiation patterns. On the other, the orientation of the maximum SNR orientations is entirely controlled by , which is also completely independently obtained from examination of borehole image logs (16, 23) . Closer examination of Fig. 2 shows that here the fault planes strike at angles  = 35° and 37° from  for the MW 3.6 and 4.1 events, respectively. This is worth pointing out because the azimuth of focal mechanism p-axes, which by definition are 45° from the fault plane, are often taken as a proxy for the stress directions. The smaller angle between the fault plane and  is consistent with frictional constraints. 
Correlation between Pf and fault's slip tendency
Carrying out more detailed explorations of the influence of , Pf, and C using only slip tendency plots, or equivalently Mohr stress diagrams, is cumbersome. Instead, the ranges of possible SNR for the fault planes for the more (MW 4.1) and less (MW 3.9) optimally oriented fault planes ( Table S3 and S4) on rocks similar to the clay-poor and stiff Duvernay Formation (25) . There are no direct measurements of the frictional properties of these rocks currently available to our knowledge. Similarly, no direct measures of fault cohesion (C) exist to our knowledge and researchers, too, usually ignore it completely; justification for use of these low values is provided in the supplementary materials. Both fault planes are likely stable if Pf remains at normal hydrostatic conditions. The poorly oriented fault plane (Fig. 3b) , too, probably remains stable even at pressures exceeding the ambient Pp (57 MPa).
In contrast, at the ambient PP (62 MPa) the optimally oriented fault plane (Fig. 3a) is already unstable.
The historical quiescence of this fault could be interpreted variously to mean that i) it is characterized by unexpectedly high values of  or of C, or ii) that the Pf naturally active on the fault is significantly less than Pp.
Distributions for the SNR on all 11 fault planes are calculated using their individual stress tensor (Supplementary Table S2 ) using a Monte-Carlo procedure that incorporates the uncertainties associated with the three stress magnitudes, depths, varying Pf,  and C ( Given that the faults appear unstable under the expected virgin formation Pp, distributions of the greatest allowable values for Pf that are necessary to maintain stability (i.e., SNR ≤ ) were further explored using a Monte-Carlo approach for restricted ranges of  and C with the individual stress states. For most of the cases, the most probable Pf (Fig. 4b , see supplementary material for details) required to initiate slip is slightly greater than the local PH but significantly less than the local PP. This again indicates that the faults are likely not stable under the high ambient formation PP and suggests that the virgin Pf acting on the faults must be lower. During stimulation, the fluid pressure required to drive a hydraulic fracture into a rock mass must at least exceed the fracture closure pressure (here Sh), a value that in practice is readily exceeded by the actual pressures measured in the wellbore Pw(t) at the injection point during stimulation.
Consequently, fluid pressures sufficiently high to initiate slip are present within the system during stimulation, although the actual fluid pressures delivered to the fault through the induced fracture network from the borehole remain highly uncertain. Non-double couple focal mechanism components anecdotally suggest fluid inflow into the fault during the earthquake (22) . Meta-analysis of the microseismic literature suggests that most HF extend laterally no more than 400 m with excursions to nearly 900 m from the injection point (26) ; and this may provide some insight on the distance fluid pressures could be transmitted during an HF stimulation. That said, model-derived estimates depend on having knowledge of many largely unconstrained factors controlling fracture and fault geometries and fluid transport.
Poroelastic stresses, too, may contribute to the stress state on the fault planes at initiation uncertain in these formations but numerical (27) and analytical (28) simulations suggest their influence on the SNR is a small fraction relative to Pf. In Fig. 4 , the difference local angle difference  = S - between fault strike S and the SH direction (Supplementary Table S1 ) is intentionally chosen as the independent variable to emphasize that the planes of weakness are not necessarily all optimally aligned with the stress field. The suggested range  ≤  ≤  delimits the optimal range 34° ≥  ≥ 26° highlighted in Fig. 4 ; which almost all of the events fall outside of. This observation could have multiple interpretations. The most likely explanation is that more optimally oriented planes of weakness are absent at these locations; slip instead occurs on those pre-existing faults that are closest to unstable but not perfectly aligned with the stress field. Another interpretation is that the slip does occur on the real fault planes that are optimally oriented, but the FM planes or values of stress (retaining the Andersonian assumption) are uncertain.
In summary, we analyzed the slip-tendencies along faults activated by hydraulic fracture stimulations in a localized area of NW Alberta, Canada using a recently developed quantitative model for the full stress tensor and the formation pore fluid pressures Pp within the highly over-pressured Duvernay Formation.
Assuming reasonable ranges for fault friction and cohesion, nearly all of the slip-planes studied would be unstable at the measured ambient formation pore fluid pressures Pp. This instability persists although most of the slip-planes are not expected to be optimally oriented with respect to the prevailing stress directions. That this area was historically aseismic prior to hydraulic fracturing operations, however, indicates that the natural fluid pressures within the fault zone must be lower unless unexpectedly large frictions or cohesions exist; and Monte-Carlo simulations suggest that generally, the most probable critical fluid pressures lie closer to the normal hydrostat. As hydraulic fracturing stimulations generally attempt to maintain fluid pressures above Sh > Pp, the potential to convey in excess of a critical pressure to the surrounding formation exist, although actually quantitatively estimating the critical pressure is difficult. The lower pressures within the faults suggest that they may serve to provide conduits for migration of hydrocarbons out of the low permeability Duvernay Formation to the overlying siliclastic formations and may be consistent with the critically stressed crust hypothesis (29) . The results here highlight the challenges confronting researchers hoping to understand the physics of earthquake rupture by artificially initiating fault slip (30 
Methods

Synopsis of quantitative stress model
The predictive quantitative stress model for the area encompassing the 11 induced events is developed (1) using publicly archived field data ( 
applicable to the strike-slip faulting regime in the area. Ten-thousand random realizations are run with varying inputs to account for uncertainties to the input stresses and focal plane solutions, with a mean random error of ±10° is assigned to the strike, dip and rakes of the solutions. The inversion results show that the most probable intermediate stress (2), considering that the three principal components of a stress tensor have to be orthogonal to each other, only plunges slightly away from the vertical axes (< 5°, Fig. 2) suggesting the validity of the assumed Andersonian (7) states of stress.
This analysis gave a most probable value R = 0.67 with the 95% confidence interval 0.46 ≤ R ≤ 0.84. Table S2 .
Slip tendency analysis
The slip tendency for an arbitrarily oriented plane is quantified by the value SNR of Equation 1.
Following (9), the SNR for all possible fault planes are displayed as contours within a stereonet plot. This necessitates that both the shear  and normal  tractions be calculated for the given stress tensor T with known azimuth  using well-known equations in continuum mechanics (see review in Schmitt et al. (10)). Table S1 ) are also calculated separately versus the fluid pressure Pf for two cases assuming C = 0 (red band), or C = 5 MPa (green band) and for the range of stress tensors T possible according to the stress model (Fig. 3 in main text and Supplementary Figs. S3 .1b to S3.9b).
Analyses on seismic attributes derived lineaments
Supplementary Fig. S2 shows the horizontal slice of the seismic attributes (most-negative curvature), at the depth of the basement, from a 3D seismic survey conducted in an area encompassing two moderate magnitudes earthquakes (11) . The location of Supplementary Fig. S2 was not reported in Chopra et al.
(11) and it is inferred that, by cross-referencing with reported earthquake's source mechanisms, these two events marked on Supplementary Assuming the interpreted lineaments in Supplementary Fig. S2 represent actual faults, of the two dominant transtentional fault orientations (i.e., NNW-SSE and NE-SW, Supplementary Fig. S2 ), only the NNW-SSE faults appear to be within the spectrum of instability (Fig. 2a) , while the NE-SW is not. This is in agreement with the reported induced earthquake fault orientations that produced slip nucleation. On the other hand, one fault identified (oriented NWW-SEE), strikes at a stable angle of ~90° from SH, is observed to be non-seismogenic despite proximity to the HF wells. Faults which are more optimally oriented (see Fig. 2 ) but further away from the seismogenic HF wells are not activated either.
Though the stability analysis provided results in agreement with the observed, or lack of, seismicities, along the lineaments features, it is uncertain if these features represent actual faults within the Duvernay
Formation. The interpretation presented by Chopra et al. (11) is made assuming that the faulting in the sedimentary layers of the study area is basement controlled (12) .
Expectations for C and 
In previous studies, C is often neglected as an earthquake generally reactivates on an existing fault with assumed negligible cohesion. Such assumption is supported by most reported lab experiments (13) .
Though the residual strength of the fault, post shear failure, is measured to be very small, fault regains strength after a period of healing. Earlier researchers debated whether such strength recovery is in forms of friction (14) (15) (16) or cohesion (17, 18) . Distinguishing the effects of cohesion and friction as the results of fault healing observed in the lab experiment is also reported to be difficult (19) . Regardless, measured post shear failure cohesion on clay-rich material is generally small (20) (21) (22) . Sone and Zoback (23) observed that the creep rate of the shale positively correlates with the clay content of the testing sample. Similarly, values for the in-situ friction static coefficient are not reported. Though a default μ of 0.6 -1 is often assumed for many geomechanical studies (9, 24, 25) , laboratory measurements conducted on the different material composition of fault gouge at different testing environments observed a wide range of the μ. A brief compilation on the reported μ known to the authors, and with mineral composition relevant to this study, is provided in the supplementary material (Table S3, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . X-ray diffraction analysis (Table S4) We ignore uncertainties in  and in the orientations of the focal mechanism solutions due to the lack of reported values. A Matlab TM function monte_carlo_stability.m is provided to perform such analysis. With input parameters for each earthquake shown in Table S1 and stress values in Table S2 , this function is adapted in monte_carlo_stability_runit.m to plot Fig. 4 Monte-Carlo Simulation of Pf required to initiate slip (for Fig. 4b) Similar to Figure 4a , the Monte-Carlo method is adapted to calculate the probability distribution of Pf needed to activate the faults by rearranging Equation 1 in the main text:
Calculation of Eqn. S5 utilizes the previously calculated 5000 Shear Stress () and normal pressure ()
values along with five-thousand randomly generated C (0 -5 MPa) and  The Matlab TM function monte_carlo_stability.m and script monte_carlo_stability_runit.m also perform this analysis. It is notable that there is one exceptional earthquake case which appears to be stable, given the determined in-situ stress conditions and fault stability analysis in this study (Fig. 4) with stability analysis for this particular case plotted in Supplementary Fig. S3 .9. The pressures required to activate the fault is probably higher than the PP under reasonable assumption. However, SNR of this fault will likely exceed 0.8, the upper bound of our test range of , when Pf gets close to Sh, the minimum pressures needed to create fractures during HF operations. Additionally, this case also displayed seismologically distinct earthquake cluster properties (5) . First, events in this region exhibited rotated focal mechanisms with larger normal component of slip than their predominantly N-S strike-slip counterparts. Second, these clusters appeared to have small inter-well communication -a feature not observed for other HF completions in the Duvernay. Last, these clusters showed distinctly different statistics (large b-value), with comparatively numerous small magnitude events (5) . Explanations for these discrepancies could be related to a local stress heterogeneity or stress rotation in this area that was not captured regionally. On the other hand, the relatively small magnitude of events in this cluster could have also contributed to larger errors in focal mechanism determinations. Higher resolution datasets could help better constrain this anomaly, however. Fig. 2a and 3a; + Event analyzed as an example in Fig. 2b and 3b . Fig. 2a and 3a; + Event analyzed as an example in Fig. 2b and 3b . Table S1 . Table S1 . Table S1 . Table S1 . Table S1 . Table S1 . Table S1 . Table S1 .
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